The most distinctive characteristic of the Mediterranean climate is its strong seasonality, dry summers and intense rainfall episodes concentrated in spring and autumn. This changeability is translated into a wide variability of the water resources in terms of quantity and quality. Barcelona, located in the northeast extreme of the Iberian Peninsula, shows all the characteristics of the Mediterranean climate.
Direct UF as pre-treatment for challenging water sources with high and rapid variation in terms of water quality must be then assessed in a long-term study (Ferrer et al. ) . A novel potential application of UF membranes is described in this project as a direct UF scheme is studied as an RO pre-treatment for variable water quality sources.
The most distinctive characteristic of the Mediterranean climate is its strong seasonality, dry summers and intense rainfall episodes concentrated in spring and autumn. This changeability is translated into a wide variability of the water resources in terms of quantity and quality. Barcelona, located in the northeast extreme of the Iberian Peninsula, shows all the characteristics of the Mediterranean climate.
The Llobregat River, which is the main conventional water source for drinking water production in the Barcelona region, presents a poor and variable quality as well as high-flow variability. Llobregat River water presents a high salinity due to its vicinity to a salt mine area. In consequence, treatments to remove salinity (usually RO) are needed to produce drinking water. Thus, a novel pre-treatment scheme for this challenging water source must be assessed to ensure the lifetime of the RO membranes and successfully deal with the changing feed water quality and quantity. In Sant Joan Despí drinking WTP (Barcelona, Spain), which is the main drinking WTP that supplies water to the area of Barcelona, conventional pre-treatment followed by UF and RO is used to treat part of the total intake.
The objective of this work is to study the feasibility of direct UF with submerged outside/in hollow fibres on highly variable raw surface water, characterising the optimal operational conditions under different water quality scenarios and quantifying technically its performance.
Additionally, a comparison of the water quality obtained using direct UF and conventional pre-treatment consisting of dioxychlorination, flocculation/coagulation, settling and sand filtration is carried out for further assessment. Finally, preliminary results on the technical comparison of the two proposed treatment schemes projected in the case of Sant Joan Despí drinking WTP are detailed in the study.
METHODOLOGY
One membranes cassette with capacity for 24 Zeeweed ® 500D modules, assembled to perform this study with 10 modules, was installed in a 15 m 3 /h of nominal capacity prototype equipped with pumping systems, reservoirs, dosing and sampling points, as well as an automatic control and data acquisition system. The nominal pore size of the membranes installed was 0.04 μm. The prototype, installed in Sant Joan Despí WTP (Barcelona, Spain), has worked continuously since May 2011 until April 2013 within the LIFEþ UFTEC project, treating raw river water from the Llobregat River (tested turbidity range: 8À>1,000 NTU).
The prototype was equipped with a pre-treatment consisting of a strainer (1 mm) and a coagulation tank with a stirrer, used when coagulation with ferric chloride was needed.
The prototype was optimised during the period of operation in order to maximise the final water yield obtained.
More than 30 operation conditions were tested within the 2 years of operation in order to optimise the prototype. Several parameters such as backwash (BW) flow rate and duration, air scour performed, chemical-enhanced backwash (CEB) with sodium hypochlorite and citric acid (up to 100 ppm approx.) frequency among others have been modified in order to optimise the pilot plant in the different scenarios tested.
However, filtration flux was kept constant at 24.5 LMH /h) in all cases studied. In Table 1 , the range of the parameters tested to optimise the prototype in this study can be found.
Llobregat River, conventional pre-treated water of Sant Joan Despí drinking WTP (DWTP) and UF permeate water were characterised on a periodic basis. The parameters monitored and the methods used are reflected in Table 2 .
Energy consumption in the prototype was calculated theoretically using the TMP registered during filtration (Equation (1)). The higher the TMP was, the greater the electrical consumption obtained, as the pump had to apply more pressure to let the flux pass through the membrane pores.
Energy consumption (P) was finally divided by the permeate water volume produced.
where Q permeate produced (L/s); h TMP in m (bar*10); δ water density (kg/L) 1 kg/L; η pump efficiency (considered 0.8). 
RESULTS
Optimal operation conditions of the direct UF prototype with submerged membranes
The prototype has demonstrated to be able to stand the abovementioned extreme feed quality limits of the Llobregat raw river water by continuously operating during 2 years, independently of the fluctuations experienced (tested turbidity range: 8À>1,000 NTU). In this study, only the periods where optimal conditions were registered are considered and used for discussion.
TMP was continuously monitored in the prototype to assess its technical performance at the different conditions tested. Steady TMP values demonstrated that, regardless of feed water quality, membrane operational behaviour was steady and safe, below the maximum threshold recommended by the membrane manufacturer (À0.45 bar). In consequence, optimal operation conditions were defined as the parameters used to obtain the maximum water yields at minimum energy and reagent consumption at steady TMP pressures.
Two optimal conditions for the prototype, which are represented in Table 3 , were identified according to the inlet water turbidity. Turbidity was by far the parameter which presented highest direct influence on the performance of the prototype. When turbidity was lower than 70 NTU, coagulation using FeCl 3 was needed to maintain the observed TMP, as can be seen in Figure 1 where the hydraulic results of the prototype during a week of low turbidity event are shown. At turbidities lower than 70 NTU, particle size distributions carried out demonstrated that particle size was in the range below 8 μ.
During those events, backwashes were needed more frequently At high turbidity events (even at punctual peaks higher than 500 NTU) the prototype was able to operate at steady TMP without coagulation, as can be seen in Figure 2 where hydraulic results obtained in a high turbidity episode are represented. Water yields of around 92%, were obtained during those events. When higher suspended solids are found in water (95% of the suspended solids were below 15 μ size, which means higher average particle size than in low turbidity events), as happens during a high turbidity event, a layer may be formed on the membrane surface preventing fouling pollutants such as organics or inorganics reaching the membrane. This creates a protective layer on the membrane that can be easily removed through a backwash, as TMP is recovered after every filtration cycle. The interactions between natural organic matter (NOM) and particles are not known and can be the cause too of the different behaviour observed in the performance of the prototype at the different turbidity episodes. Accordingly, this effect could be also created by controlled coagulation in low turbidity events. Backwash sequences must be complemented with CEBs in order to remove the fouling attached on the membrane surface that cannot be removed through mechanical cleaning. CEBs were used as a maintenance cleaning once a day, alternating chemicals for removing either organic or inorganic fouling, which could remain on the membrane surface after backwashes. Combining frequent backwashes and CEBs were the most effective cleaning strategy for the prototype when treating Llobregat river water.
Water quality of direct UF and conventional pre-treatment
Despite the fluctuations observed in feed water, membrane permeate obtained presented a relatively constant quality in all the conditions tested, both in high and low turbidity events.
A summary of the water quality characterisation, both in feed and UF permeate water obtained during the optimal operation periods identified, can be found in Table 4 . In Table 4 , a sum- In Table 5 , the preliminary results of the technical comparison of direct UF (at the worst optimal operation conditions identified) and conventional pre-treatment schemes can be found. It can be observed that the direct UF scheme presented slightly lower water yield than conventional pre-treatment (89-97%), as the conditions selected for the comparison were the worst optimal operation conditions (lower water yield). However, productivity was higher in the case of direct UF, as it was able to operate at high turbidity events (turbidities >400 NTU) where conventional pre-treatment needed to be stopped (which represents 10-37% of the time depending on the year). In consequence, direct UF would increase the total water volume produced annually in respect to conventional pre-treatment. Chemical consumption in direct UF was much lower than conventional pretreatment and avoided the dioxychlorination step. Direct UF consumed lower amounts of coagulants that would reduce the amount of sludge generated during the pretreatment step. Finally, energy requirements were similar to the conventional pre-treatment projected.
CONCLUSIONS
This study shows that at the conditions tested and for the period studied, submerged outside-in UF membranes seem to be an appropriate technology to directly pre-treat extreme and variable quality feed water such as that from Llobregat River.
With regard to the membrane's hydraulic response, two optimal operating conditions were identified depending on the feed water turbidity. A constant productivity of approximately 92% was obtained at high turbidity events whereas 89% productivity was obtained at low turbidity events (<70 NTU). Coagulation with ferric chloride was needed in the low turbidity events to obtain steady TMP and performance in the prototype. Doses up to 7 ppm of ferric chloride were used for coagulation, which are low compared with the reagents need in a conventional pre-treatment (up to 20 ppm in some cases). Hence, direct UF would reduce the amount of sludge generated in the pre-treatment. Coagulation has been previously reported useful for fouling control through the transformation of dispersed particles and organic pollutants into more retainable forms. However, coagulation was difficult to control and fouling on the membrane surface due to an excess of coagulant could also easily take place, forcing us to perform backwashes more often to clean the membrane and in consequence, reducing final productivity obtained and increasing the energy consumption of the process.
Higher suspended solids content in the feed water were assumed to create a protective layer on the membrane surface, avoiding the pollutants reaching the membrane. This effect could help the prototype to obtain better performances (higher water yield) at high turbidity events, where coagulation was not needed to obtain a steady performance of the prototype. This protective layer effect could also be created with the use of an accurate dose of coagulant (ferric chloride) in the low turbidity events. The interactions between NOM and particles are not known and could be the cause too of the different behaviour observed in the performance of the prototype at the different turbidity episodes.
With regard to the water quality, results showed that the membrane's permeate presented a fairly constant quality under all the conditions tested, i.e. despite the highly fluctuating water quality of raw water. In general terms, turbidity, TSS and some microorganisms (E. coli, total coliforms, faecal coliforms, Clostridium perfringens) were highly removed (percentage removals >99%), Aerobic bacteria were partially removed, while TOC and absorbance were only marginally reduced.
The technical efficiency of direct UF was compared to that of conventional pre-treatment with dynamic settlers through the scale-up of the technologies in the case of Sant Joan
Despí drinking WTP. The preliminary results show that direct UF presented slightly lower water yields than conventional pre-treatment but maximised the amount of water produced annually, as it can be operated 100% of the time in contrast to conventional pre-treatment, which needs to be stopped when turbidity exceeds 400 NTU (which represents 10-27% of the time). Direct UF presented lower reagent requirements, and in consequence lower sludge produced, and similar energy consumption to conventional pre-treatment.
Additionally, direct UF avoided the dioxychlorination step used in the conventional pre-treatment, reducing the trihalomethane potential formation in the final water produced. 
